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Chitosan films were prepared by various methods of 
casting or precipitating from solution and post-treating 
chemically. Chitosan salts from formic acid, acetic acid J 
propionic acid, butyric acid and valeric acid were observed 
in the as-cast films from the each aqueous solution of 
chitosan salts. Also the cast film, from the liquid 
crystal solution of chitosan-pure formic acid, formed the 
salt. A lot of types of crystal forms appeared according 
to the preparation methods of chitosan films. The as-cast 
films were classified into the two groups, which have the 
different forms of crystal each other. No different effects 
of the procedures on the form of crystal were observed 
between the precipitation and the post-treatment, using the 
same solution except for an aqueous NaOH solution. 1'he 
unit cell parameters of crystals formed in the five chitosan 
films were determined by the use of wide-angle x-ray dif-
fraction. Finally, the models of the molecular packing 
within the unit cell of crystal were proposed on the basis 
of the calculation of the structure factor. 
INTRODUCTION 
71 
Chitosan is the deacetylated product of alkali treatment of 
chitin. Since chitosan has an advantage of high solubility in 
acidic solvents and chemical reactivity as compared with chitin, 
chitosan is thought to be one of useful natural polymers. Besides, 
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much attention has been paid to effective utilization of natural 
resources. 
Chitosan is a crystalline polymer having a molecular structure 
similar to cellulose, the secondary hydroxyl of which is mainly 
substituted with amino group. It is shown in Figure 1, together 
with those of cellulose and chitin. Recently, there are a few 
cellulose 
chitin 
• 
-0 
chitosan 
Fig.1 Molecular structures of cellulose, chitin and 
chitosan. 
communic~tions on the crystal structure of chitosan, i.e., for 
1) 9) 2,10) instance, by Samuels., K.Ogawa et al. ,and us. 
Samuels proposed two types of crystals denoted as the form I 
and TI crystals. The appearace of two types of crystal forms 
depended on the different preparation of chitosan films. Form I 
crystal is obtained by casting the aqueous formic acid solution. 
Form TI crystal is obtained by precipitation, i.e., by immersing 
the solution into an aqueous NaOH solution. He concluded that the 
unit cells of the form I as well as the form TI are orthorhombic. 
It is·noted that formic acid was absent in the cast film, i.e., the 
form I crystal prepared by Samuels. 1 ) 
Ogawa et al. reported one of the crystal form of chitosan, the 
sample film of which was prepared by casting the chitosan-acetic 
acid solution, treating with an aqueous NaOH solution, drawing in 
water and then annealing at high temperature. The wide-angle x-ray 
diffraction photograph showed the fiber pattern with a high crystal-
linity similar to those of some chitosan films prepared by us. 
We have showed2 ,10) the wide-angle x-ray diffraction intensity 
curves of chitosan films prepared by several methods, including ones 
similar to those reported by Samuels. It was found, however, that 
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casting the chitosan-formic acid solution brought about a complex 
formation between formic acid and amino groups of chitosan. Namely, 
the form I pattern, denoted by Samuels, should be attributed to the 
crystal of chitosan formate. 
In this study, some films other than those reported earlier 
were prepared from the precipitation of the chitosan solution, the 
post-treatment of the cast films, and from the solution of liquid 
crystal of chitosan-pure formic acid. The influences of the 
solvents and the post-treatment on the crystal structure were 
examined. The unit cell parameters of crystals formed in some 
films were determined by the use of the wide-angle x-ray technique. 
The molecular packing within an unit cell of crystal was discussed 
based on the calculation of the structure factor under some 
assumptions. 
EXPERIMENTAL 
Sample 
The commercial chitosan (Tokyo Kasei Kogyo Co.) was chemically 
treated2 ) to increase the degree of deacetylation, the values of 
which were 75% before and 91% after the treatment. The number-
average degree of polymerization (p ) of the chitosan was estimated 
n 
from the intrinsic ViscositYr~)of the salt of chitosan-p-toluene-
sulfonic acid in a 0.05N-NaCl aqueous solution, proposed by Kataoka 
et al. 3 ) The P was 855. This chitosan sample was used in the 
n 
following experiments. 
Film Preparation 
The chitosan 4 wt% was dissolved in a following acidic solvents: 
0.45M aqueous solutions of formic acid, acetic aCid, propionic acid, 
butyric acid and valeric acid. 
The cast films were made by casting these chitosan solution in a 
glass dish at room temperature for ca. 7 to 30 days. 
The several treated films were made by immersing the cast films 
into various solvents or solutions, i.e., acetone, methanol, a 4% 
aqueous NaOH solution or a 2% aqueous solution of cupric sulfate, 
zinc sulfate, and manganous sulfate, and then drying in air. 
The some precipitated films were prepared by immersing the 
chitosan-formic acid solution on the glass plate with the frame 
into the same solution except for methanol as those used in the 
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case of treated films. 
Furthermore, the chitosan film was prepared from the solution 
of liquid crystal and then treated chemically. Chitosan can not 
be dissolved in pure acid used above except for formic acid but only 
swollen, while it is soluble in an acidic solution. The solution 
of chitosan dIssolved in pure formic acid showed the liquid crystal 
state at a certain concentration region. The liquid crystal 
solution, the viscosity of which was very high, was uni-directionally 
spread on the glass plate by the glass rod under shear and then cast 
to make a film, in which an oriented crystallization occured to 
result in an orientation of crystallites. This cast film, denoted 
as film (L-l), was treated with an aqueous NaOH solution or methanol, 
the treated films being denoted as film (L-2) and film (L-3), res-
pectively. In addition, the film (L-3) was immersed into water or 
pure butyric acid and then dried, denoted as film (L-4) and film 
(L-5), respectively. 
X-Ray Measurements 
Wide-angle X-ray diffractograms were obtained with a Rigaku 
Denki model D-IA X-ray diffractometer equipped with a scintillation 
counter. The X-ray source was nikel filtered Cuka radiation ( 
40 kV, 20 rnA). From the intensity curves, the spacings of crystal 
planes and the degree of crystallinity were evaluat~d. In addition, 
the integral intensities of equatorial reflections were also 
evaluated to deduce the molecular packing in the crystal lattice. 
Infrared Absorption Spectrum 
The IR spectroscopy was carried out by the KBr tablet method 
with a Shimazu IR-400. 
Titration Measurements 
The measurements were carried out with a Hitachi-horiba pH 
meter M-5 at 250 C. The degree of deacetylation of chitosan was 
determined from the amount of consumption of aqueous sodium hydr-
oxide in a given aqueous chitosan-hydrochloric acid solution4 ). 
In addition, the titration measurements of the cast film redissolved 
in distilled water were carried out in order to estimate the amount 
of acid bound to chitosan. 
Density Measurements 
The densities of chitosan films were measured at room temper-
ature by floatation in the mixtures of carbon tetrachloride and 
n-heptane. 
RESULTS AND DISCUSSION 
Profiles of Wide-Angle X-ray Diffractions 
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Figure 2 shows wide-angle X-ray diffraction curves of the un-
drawn chitosan films cast from the solution of chitosan dissolved 
in acidic solvents. Two types of intensity profiles can be seen; 
one is for the films prepared from any solvent of formic acid, 
acetic acid and propionic acid, and the other from butyric acid or 
valeric acid. It means the appearance of the two forms of crystal 
by usnig the above acidic solvents. When these cast films were 
10 20 
Scall.rlng Angl. 
Fig.2 Wide-angle X-ray 
diffraction curves of 
chitosan films cast from 
the aqueous acidic solution. 
immersed into methanol for ca.30 hr a~d dried, the two types of 
WAXD profiles all changed into the other one, as shown in Figure 3. 
It implies that the two forms of crystal change into the isame third 
form after the treatment with methanol. The treatment with aqueous 
NaOH solution showed the effect similar to that with methanol, 
though it gave the higher degree of crystallinity as shown in 
Figure 4, whereas the treatment with methanol brought about the 
large distortion in crystal. 
The as-cast films are readily dissolved in distilled water, 
while other films treated with methanol' or aqueous NaOH solution are 
insoluble. In the intensity curves shown in Figure 2, the peak 
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CHZ=CHCOOH 
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Fig.3 WAXD intensity curves of chitosan films treated with 
methanol. 
10 20 
Scat tering angle 
40 
Fig.4 WAXD intensity curves of chitosan films treated with 
aqueous NaOH solution. 
positions at low angles (less than ca. 12°) shift to the lower angle 
side as the number of carbons of carboxylic acids involved in the 
acidic solvents increases. Namely, the spacing in the crystal 
lattice increases with increasing the molecular size of carboxylic 
acids. In addition to these facts, judging from the IR spectra of 
as-cast films as well as the titration curves for the cast films 
dissolved in distilled water, it was concluded that a complex was 
formed between chitosan and the carboxylic acid in the as-cast 
films 10 ). It was estimated from the titration curves that formic 
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acid or butyric acid was bound to ca.70 mol% of the amino groups of 
chitosan. The relatiors between the forms of crystal and the 
preparation methods, and the solubility of film in water are 
summarized in Figure 5. 
Solution F11a 
treated 
CS-aq.FA }-
CS-aq.PA -':;::I...U:,;=_ Type-) CS-aq .AeA Type-' H a9· NaOK 
Fig.5 Relationship 
between the form of 
crystal and the prepa-
ration method from aqueous 
acidic solution. 
CS-aq.BuA 1-- MeOK 
CS-aq. VA Type-2 Type-)' ( disordered) 
INSOLUBLE 
Some chemical treatments were carried out to the films cast 
from the chitosan-formic acid solution. First, it was treated with 
2+ 2+ 
an aqueous solution containing the metal ions such as eu ,Zn , 
2+ 
and Mg • The WAXD intensity curves of the films are shown in 
Figure 6. The profiles of treated films are different from that of 
Fig.6 WAXD intensity curves 
of chitosan films treated 
with aqueous solution of 
metal sulfate. 
2"/.Cu5(k 
ORIGlNAlCI.O t.~ 
o 10 20 30 40 
SCATTERING ANGLE 29 CO) 
the film treated with an aqueous NaOH solution but are similar to 
that before the treatment (original), though the crystallinity is 
considerably decreased. These films were no longer soluble in 
water and the chelation of metal ions might occur 5) without 
changing the form of crystal. Second, the treatment with aceton 
was carried out but there could not be seen the change in the 
profiles before and after the treatment, shown in Figure 7. 
treated film was soluble in water, too. 
This 
We have mentioned about the cast films and the post-treated 
films. The chitosan film can be made also by precipitation. The 
chitosan-formic acid solution on a glass p~ate with the frame was 
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immersed into acetone, a solution containing metal ions, or an 
aqueous NaOH solution. 
10 20 
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Fig.7. WAXD intensity curves of chitosan films. A: cast 
from chitosan-formic acid solution, B: treated with acetone, 
C: precipitated in acetone. 
The acetone-precipitated film showed the WAXD curves similar to 
those of the cast film and/or the post-treated film, which are also 
shown in Figure 7, though the intensity profile of the former is 
somewhat broader than those of the latter two. 
The metal ion-precipitated filrhs showed nearly the same WAXD 
profiles as those of the post-treated films shown,in Figure 6. But 
in this case, the films were too brittle to keep the film shape. 
The NaOH-precipitated film showed the WAXD intensity curves 
different from the post-treated film, which are shown in Figure 8. 
Pf£C.IPI TATED (4.,.NaOH) 
"·/.NaOH 
o 10 20 30 I/J 
SCI. TTERING ANGLE 29 CO) 
Fig.8 WAXD intensity curves 
of chitosan films, cast, 
treated with aq.NaOH, and 
precipitated in aq.NaOH, from 
chitosan-formic acid solution. 
It was thus found that the three different forms of crystal appeared 
from the chitosan-formic acid solution according to the preparation 
methods, i.e., (i) as-cast, post-treatment with acetone or the metal 
ions, and precipitation in acetone or an aqueous solution of metal 
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sulfate, (li) post-treatment with an aqueous NaOH solution or 
methanol, and(ili) precipitation in an aqueous NaOH solution. The 
relations between the forms of crystal and the preparation methods 
from the chitosan-formic acid solution are summarized in Figure 9. 
Solution Film 
treated 
r-_--=a,.. • ..",N,.:::;aO::.:,H'--____ Type-:3 
acetone (~y~:~~~e J Type-l --t--...:::."'""--T~~~~6....---- Type-l' (disordered) CS-aq,FA _ 
precipitated 
,--_-=.;aQ:a..:; • ..;;.,N;;;.;aO""'H _____ Type- 4 
Cu 2+ or Zn 2+ or MQ'2+ '-------t-~~~~~!.....!lK-___ Type-l' 
(disordered) 
acetone Type-l 
INSOLUBLE 
Fig.9 RelationShip between the form of crystal and the 
preparation method from chitosan-formic acid solution. 
On the other hand, the five kinds of chitosan films were 
prepared by casting the solution of liquid crystal and treating 
subsequently. The cast film (L-1) and the treated film (L-5) were 
soluble in water because of the formation of complex but others were 
not. The WAXD photographs of the films prepared from the liquid 
crystal are shown in Figure 10, those patterns of which are differ-
ent one i ,another and all show the crystallites to be oriented. It 
means that they have a distinct form of crystal one another. The 
relations between the form of crystal and the preparation method 
from the liquid crystal are summarized in Figure 11. 
A lot of types of crystal forms appeared according to the 
methods of preparation for chitosan films, as is seen above. 
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( L - 1 ) ( L - 2) 
( L - 3 ) ( L - 4 ) 
(L - 5) 
Fig.10 WAXD photographs of 
chitosan films prepared from the 
solution of l i quid crystal of 
chitosan-pure formic acid. 
Solution Film 
(of Liquid Crystal) 
treated 
CS-pure FA C·NaOK '1'ype(L-21 - '1'ype(L-lI ,........::w=at=e.:..r_ '1'ype(L-41 HeOH Type (L-JI J
L
-=;;,;;....;;.;:,;,. ____ _ ~  pure BuA '1'ype(L-51 
Fig.11 Relationship between the form of crystal and the 
preparation method from the solution of liquid crystal of 
chitosan-pure formic acid. 
Determination of Unit Cell Parameters 
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Among many chitosan films prepared here, the five films which 
showed the representative profiles in WAXD curves were chosen to 
examine the structures of crystal. The preparation methods of 
these films were summarized in Table 1. 
Table 1 Procedures for preparation of chitosan films 
Film Procedure 
(1-1) cast at room temperature from the aqueous solution of 
chitosan-formic acid 
(1-2) film (1-1) subsequently treated with aqueous NaOH 
(1-3) neutralized and precipitated in aqueous NaOH from the 
solution of chitosan-formic acid 
(3-1) cast at room temperature from the aqueous solution of 
chitosan-butyric acid 
(L-2) cast at room temperature from the solution of liquid 
crystal of chitosan-pure formic acid and subsequently 
treated with aqueous NaOH 
The film (L-2) had a history of oriented crystallization and the 
rest was drawn about twofold except for the film (1-3) which was 
easy to break. The WAXD photographs of the films are shown in 
Figure 12, in which the oriented patterns can be seen except for 
the film (1,-3). :rhe intensi ty curves on the equator apd the 
meridian are shown in Figure 13. The crystal lattice was regarded 
as a monoclinic lattice in the same way when B-chitin had been 
analyzed by Dweltz et al7~ and Blackwell 8 ). The spacing d was 
calculated from the Bragg's equation. In our earlier paper 10) 
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(1 - 1) (1 - ' 2) 
(1 - 3) (3 - 1) 
(L - 2) 
Fig . 12 WAXD photographs 
of the five kinds of 
chitosa n films . 
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EqualCIt' 
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(c) 
(d) 
(12) 
Fig.13 WAXD intensity curves 
of the five kinds of chitosan 
films: ( a) film ( 1-1) , (b) film 
(1-2), (c) film (1-3) , (d) film 
(3-1) and (e) film (L-2). 
10 20 30 40 50 60 
Scattering Angl. 28(deg) 
(e) 
the first observed equatorial reflection of the highest spacing had 
been assumed to be (001) and the second equatorial reflection to be 
(100) . The other reflections had been indexed with the aid of a 
picture of the reciprocal lattice and WAXD photographs by trial and 
error. Here, a simple modification was made in the assignment of 
the reflections in the (1-2), (1-3) and (L-2) crystals, on con-
sidering that the uni t cell volume should not change drastically 
when the cast film was treated with aqueous NaOH solution, because 
the sample film remained to be in the solid state though it swelled 
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in the solution. The fiber repeat distance along the b-axis was 
calculated from the meridional reflection of (040) plane. The 
indices of reflections assigned are also shown in Figure 13. The 
unit cell parameters of the five chitosan samples were calculated 
and shown in Table 2. 
A quite good agreement was 
obtained between the 
observed spacings and 
calculated ones for these 
unit cells, respectively. 
The unit cell parameters of 
the (1-1) crystal was close 
to those of the form I 
crystal reported by 
Samuels!) . The (1-3) 
crystal could be identified 
Table 2 
Film 
(1-1) 
(1-2) 
(1-3) 
(3-1) 
(L-2) 
Unit cell parameters of crystals 
formed in the five kinds of 
chitosan films. 
a b c B 
cx.) (X) (X) ( 0) 
7.64 10.35 10.92 98.6 
8.37 10.30 11.64 99.2 
8.63 10.30 8.92 96.3 
5.66 10.10 15.60 96.9 
8.67 10.24 8.92 92.6 
with the (L-2) crystal, on taking it into account that the (1-3) 
crystal was analysed only by using the undrawn film. Thus, it is 
considered that the values should be more accurately determined by 
using :film, «(, .... 2)i lWith a high orientation and a high crystallinity. 
Furthermore, it is noted that the (L-2) crystal equivalent to the 
(1-3) crystal appeared when the cast film '(L-1) was treated with an 
aqueous NaOH solution. Whereas the same treatment had been 
expected to make the (1-1) crystal change into the (1-3) crystal, 
but it o~ly led the (1-2) crystal. 
The volume and t.he shape of the lattice of (L-2) crystal was 
close to those of the double unit cells of B-chitin. It suggests 
that the packing of molecules in the (L-2) crystal may resemble 
that in B-chitin. 
The (3-1) crystal quite differs from the others on the point 
that the c-dimension is remarkably large. The WAXD photograph of 
the drawn film (3-1) shows many reflections along the meridian, 
while a few reflections on the equator, like a liquid crystal. In 
fact, it is similar to that of film (L-5) or film (L-1) shown in 
Figure 10. This suggests that the (3-1) crystal may be liquid 
crystal-like. 
It is clear that all the samples of chitosan as well as chitin8 ) 
have almost same fiber repeat distances, implying that every unit 
cell contains two monomer units per repeat along the chain axis, 
i.e., the b-axis. 
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Packing of Chain Molecules in Unit Cell 
The densities of chitosan films were measured at room temper-
ature and shown in Table 3. The crystallinity was conveniently 
estimated from the x-ray technique10 ) and also shown in Table 3. 
Table 3 Densities and crystallinities 
of chitosan films. 
Film Density Crystallinity 
(g/cm3 ) (%) 
(1-1) 1.443 38 
(1-2) 1.454 32 
(1-3) 1.471 40 
(3-1) 1.357 30 
(L-2) 1.448 48 
The highest crystallinity was 
obtained in film (L-2), which 
reflected in the WAXD photograph. 
On the contrary, the lowest was 
in film (3-1) to be liquid 
crystal-like. The density of 
crystal can be theoretically 
calculated, from which the number 
of repeat unit within the crystal 
was deduced. The two molecular 
chains are to be contained in the unit cell of every chitosan 
crystal 11 ) having the parameters shown in Table 2. 
The packing of molecular chains was investigated regarding the 
(1-1) crystal, the (1-2) crystal, and the (L-2) crystal which was 
essentially equivalent to the (1-3) crystal. The following three 
assumptions were made. 
1. The anti-parallel chains were assumed as shown in Figure 14, 
since the two chain molecules in the crystal lattice can not be 
equivalent. 
Fig.14 The anti-parallel 
relation between the 
adjacent molecular chains. 
2. The positions of two molecular chains in the a,c projection of 
the unit cell were settled; one was on the corner and the other on 
the center of unit cell, a-axis, or c-axis as shown in Figure 15. 
3. The intramolecular arrangement of atoms in the crystals was 
assumed to be same in both of chitosan and B-chitin except for the 
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(A) 
.. ' 
(8) 
Fig.15 Three models for the molecular chain packing in the 
a,c projection. A: the corner and the center of unit cell, 
B: the corner and the center of a-axis, C: the corner and 
the center of c-axis. 
acetyl group of chitin. Because their chemical structures are 
identical except for the acetyl group and the (L-2) or the (1-3) 
crystal seems to be most stable form without a complex, and the 
shape and volume of this unit cell are similar to those of B-chitin, 
mentioned above. 
It enables us to calculate the atomic coorinate of the indi-
vidual atom, (X.,Z.) , if the unit cell parameters and the manner 
. J J 
of the molecular chain packing in chitosan crystal were known. 
The former is known and listed in Table 2. The latter is given 
in Figure 15, in which ¢ is an angle between the c-axis and N-N 
line, which is drawn between the two nitrogens in the two residues 
of 1,4-B linked glucosamine projected in the a,c plane. To 
determine the angle of¢ will give the manner of packing and the 
atomic coordinates of the 44 atoms except for hydrogen in the two 
chains within the unit cell. 
The structure factors of the equatorial reflections were 
calculated, which was closely related to the packing of molecular' 
chains in the a,c projection normal to the b axis (fiber axis) in 
the unit cell of crystal. The structure factor of (hOI) plane, 
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F(hOI), is given by the following equation. 
n 
E f .• exP[-21ti(hX. + IZJ')] j=l J J F(hOI) ( 1 ) 
where n is the number of atoms within an unit cell, f. is the atomic 
J 
scattering factor of the j-th atom, and X.,Z. are the atomic coordi-
J J 
nates of the j-th atom along the a and c axes, respectively. The 
molecule of chitosan is composed of the three atoms, i.e., carbon, 
oxgen, and nitrogen except for hydrogen. The atomic scattering 
factors of these atoms are given by the following equations12 ). 
fC (x) =2.240 exp("';;O .41S "x?) :+ 3.'760 exp(-9.91 x 2 ) 
1 f O(x)=3.093 exp(-0.529 x
2 ) + 4.907exp(-6.22 x 2 ) (2) 
f N(x)=2.528 exp(-O.444 x
2 ) + 4.472 exp(-7.47 x 2 ) 
where the subscript shows the individual atom and x=sin e and e is 
the Bragg's angle. In a given (hOI) plane, the value of x is 
calculated from the spacing, and then the atomic scattering factors 
can be also calculated by using Eq.(2). Accordingly, if the atomic 
coordinates of all atoms within the unit cell were known, the 
structure factor should be calculated by using Eq.(l). 
The diffraction intensity is theoretically equal to IFI2. The 
intensity curve on the equator after correcting the air scattering 
was shown in Figure 13, though the polarization factor and the 
compton scattering were not corrected. On comparing the ratios of 
the integral intensities with the ratios of IF(hOI)1 2 in several 
reflections, the model for the position of chains shown in Figure 
15 was chosen and the value of ¢ was deduced. In addition, the 
R-value was defined as follows. 
Z [IChOI) ] 
h,l 
R-value 
L: II F(hOI)1 2 - [1(hOl)] I 
h,l (3) 
where [1(hOl)] is the integral intensity of (hOI) plane. The R-
value is a measure to show the validity of the model proposed for 
the molecular chain packing: the smaller it becomes, the larger the 
possibility of the proposed model does. For the (1-2) crystal, 
the model (A) shown in Figure 15 was favarable and the R-values as 
a fanction of ~ of corner and center chains were calculated and 
listed in Table 4. There, the values of ~ for the corner and 
center chains were deduced to be 55 0 and _2.0 0 ,respectively. The 
proposed models for the packing of molecular chains in the a,c 
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Table 4 R-values and ratios of IF(hOl)1 2 at given angles of p 
of corner and center chains in the (1'-2 ) crystal. 
(100): (002): (102): (200): (102)" (200): (202) 
'Pcornff anI., 0.28: 0.55: 0.51 : 0.44 : I. 00 0.32 
R-value 
+50' -15' 0.26: 0.24: 0.30: 0.70: I. 00 0.30 0.3905 
+50' 
-20' 0.22: 0.31 : 0.45: 0.55: 1. 00 0.30 0.2333 
+5a" -25' 0.17: 0.40: 0.64: 0.36: 1. 00 0.30 0.2143 
+55' " 
-I s' 0.43: 0.42: 0.32: 0.68: 1. 00 0.27 0.3619 
+55' -20' 0.38: 0.52: 0.50: 0.50: 1. 00 0.24 0.1333 
+55' -25' 0.30: 0.63: 0.70: 0.30: 1. 00 0.24 0.2429 
+60' -I s' 0.65: 0.68: 0.33: 0.67: 1. 00 0.17 0.5000 
+6e' -2a" 0.58: 0.82: 0.52: 0.48: 1. 00 0.14 0.3810 
+60' -25' 0.47: 0.94: 0.73: 0.27: 1. 00 0.14 0.5476 
projection are illustrated in Figure 16 and the atomic coordinates 
are listed in Table 5 to Table 7. The (L-2) crystal favored the 
the model (C) in Figure 15 and the value of¢ was 830 . It is noted 
that the manner of the molecular chain packing as well as the shape 
of unit cell closely resemble those of the double unit cells of 
B- chitin reported by Blackwell et al. 13 ) though chitosan is 
constituted with the anti-parallel chains adjacent on the c-axis, 
Since a complex between formic acid and chitosan is formed in 
film (1-1), the (1-1) crystal contains an imaginary atom per 
glucosamine residue in Figure 16. 
The calculation of the structure factor led us to consider that 
the second chain other than the origin (or corner) chain was 
Table 5 Fractional atomic coordinates for 
the proposed structure of the 
(1-1) crystal. 
-r-' 
Atom orisin chain center chain X Z X' Z' 
CI 0.008 -0.031 0.466 0.475 
C2 -0.035 -0.137 0.409 0.371 
Cs 0.045 -0.101 0.371 0.423 
C. -0.012 0.020 0.528 0.515 
C5 0.028 0.120 13.582 0.612 
C8 -0.039 0.239 0.747 0.701 
CI' -0.008 0.031 0.534 0.525 
C2' 0.035 0.137 0.591 0.629 
Cs' -0.045 0.101 0.630 0.577 
C.' e.012 -0.020 0.472 0.485 
Cs' -0.028 -0.120 0.418 0.388 
C,' 0.039 -0.239 0.253 0.299 
01 0.082 0.063 0.484 0.576 
Os -0.011 -0.197 0.335 0.324 
Os -0.057 0.077 0.618 0.553 
O. -0.224 0.217 0.890 0.635 
01' -0.062 -0.063 0.516 0.424 
Os' 0.011 0.197 0.666 0.676 
Os' 0.057 -0.077 0.362 0.447 
0,' 0.224 -0.217 0.110 0.365 
N 0.032 -0.246 0.251 0.289 
N' 
-0.032 0.246 0.749 0.711 
G 0,066 -~.512 0.332 0.035 
G' -B.066 0.512 0.668 0.965 
(+corner- _50. ¢centerZ 43°) 
G is an imaginary atom corresponding to formic 
acid molecule. 
Table 6 Fractional atomic coordinates for 
the proposed structure of the 
(1-2) crystal. 
Atom 
orisin chain center chain 
X 1" "Xi Z' 
CI 
-0.032 -0.023 0.511 0.472 ' 
C2 -0.168 -0.062 0.603 0.408 
Cs 
-0.100 -0.086 0.521 B.4Bl 
C. 0.019 0.019 0.496 0.521 
C. 0.146 B.056 0.412 0.581 
C. 0.260 0.166 0.397 0.705 
CI' B.032 0.023 0.489 0.528 
C2' 0.168 0.062 0.397 0.592 
C,' 0.100 0.B66 B.479 0.6BB 
C.' 
-0.BI9 -0.019 0.502 0.479 
C,' 
-0.146 -0.056 0.586 B.419 
c,' 
-0.260 -0.166 0.603 0.295 
01 0.100 -0.009 0.402 0.512 
Os -0.229 -0.112 0.618 0.350 
A' 0.069 0.078 0.501 0.586 
O. 0.173 0.258 0.551 0.772 
a.' -0.100 0.009 0.596 0.488 
a,' 0.22! 0.112 0.362 0.650 
a.' -0.069 -0.078 0.499 0.414 
0.' -0.173 -0.258 0.449 0.228 
N -0.274 -0.167 0.614 0.290 
N' 0.274 0.167 0.386 0.710 
~ 
c 
(1-1) crystal of 
chitosan formate 
a=7.64 
c=10.92 
B=98.6 
(1-2) crystal 
a=8.37 
c=11.64 
B=99.2 
(L-2) crystal or 
(1-3) crystal 
a=8.67 
c=8.92 
B=92.6 
Fig.16 The proposed models for the structure of crystals 
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in the a,c projection. The open and closed circles 
indicate oxygen and nitrogen, re~pectively. The 
astarisk in (1-1) crystal indicates an imaginary, atom 
corresponding to formic acid'molecule. 
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Table 7 Fractional atomic coordinates for 
the proposed structure of' the 
(L-2) crystal. 
~ ~ 
- ----
tom 
oris1n chain C/2 chain 
X Z-- X' Z· A 
CI 
-0.040 -0.013 
-0.041 0.494 
Cz -0.170 0.006 
-0.159 0.421 
Cs -0.133 
-0.057 
-0.139 0.496 
C. 0.027 0.014 0.029 0.499 
Cs 0.149 
-0.003 0.140 0.568 
C. 0.308 0.076 0.310 0.562 
CI' 0.040 0.013 0.041 0.506 
Cz' 0.170 
-0.006 0.159 0.574 
Cs' 0.133 0.057 0.139 0.504 
C4' 
-0.027 
-0.014 
-0.029 0.501 
Cs' 
-0.149 0.003 
-0.140 0.433 
C.' 
-0.308 
-0.076 
-0.310 0.438 
01 0.072 
-0.060 0.053 0.5B7 0, 
-0.249 
-0.026 
-0.242 0.416 O. 0.103 0 . .062 0.113 0.486 O. 0.299 0.232 0.340 0.412 
ai' -0.072 0.060 
-0.053 0.413 
a'' 0.249 0.026 0.242 0.5B5 
a.' -0.103 
-0.0&2 
-0. 113 0.514 
a,' 
-0.299 -0.232 -0.340 B.see 
N 
-9.319 -9.072 
-0.319 0.428 N' 0.319 0.072 0.319 0.572 
positioned at the center of a,c 
projection in the (1-1) and (1-2) 
crystal, and at the center of the 
c-axis in the (1-3) or (L-2) 
crystal, as shown in Figure 16. 
And the proposed model of every 
crystal seems to be reasonable 
without occuring the steric 
hyndrance. However, the following 
problem remained; the proposed 
structure of (1-1) and (1-2) crystal l 
which had the center chain of the 
unit cell, gave the large values of 
IF(101) 12 or IF(I01)1 2 , whereas 
the corresponding diffraction 
intensities of 1(101) or 1(101) 
were not observed. 
Finally, the influence of water molecule is discussed. The 
density of film (L-2) measured at room temperature was 1.448 g/cm3 
and that of film (1-3) was 1.471 gjcm3 • . The calculated density of 
crystal was 1.352 g/cm3 . If the crystal structure contained one 
water molecule per residue, the calculated density would be 1.503 
g/ cm3 . When the WAXD intensi ty was measured just after annealing 
film (L-2) at gOOe for 2 hr in an oven, the profile was largely 
changed from the double peak to the single one near at the scat-
tering angle of 200 . We have also shown the high sorption of water 
for chi tos;:3.n as compared wi th that for cellulose14 ) . The annealed 
sample of film (L-2) being let in the room under the natural 
humidity for about 24 hr, the WAXD profile same as 
that before annealing was observed reversibly. On the other hand, 
Blackwell suggested that the structure contained one or two water 
molecules per residue in B-chitin8 ). From these considerations, 
it leads us to conclude that the structure of the (L-2) crystal may 
contain one water melecule per residue and become more stable. 
Accordingly, it is also considered that water molecules are 
contained in the unit cell of the other crystal and are closely 
related to the structure of crystal. 
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